Pure spin currents play a growing role in modern spintronics, since the transfer of the spin not associated with the electric current flow enables the efficient control of magnetic dynamics in both conductive and insulating magnetic materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In particular, the use of pure spin currents was found to allow an electric control of the effective magnetic dynamic damping, [1] [2] [3] reduction of high-frequency magnetic noise, 4 excitation and amplification of propagating spin waves, [5] [6] [7] stimulation of nonlinear phenomena, 8 and generation of coherent magnetic oscillations. [9] [10] [11] Based on these findings, development of a wide class of spintronic devices, comprising conductive and insulating materials is very likely.
Usually, the generation of the spin current in spintronic devices operating with pure spin currents takes place in nonmagnetic conducting materials with strong spin-orbit coupling, such as Pt due to the spin Hall effect (SHE). 12, 13 The created spin current is injected into adjacent (conducting or insulating) ferromagnetic layer. From the physical point of view, the spin current is created as a result of triggering a flow of the angular momentum from the lattice of the nonmagnetic material. Since the lattice represents an ideal source of the angular momentum, the utilization of this phenomenon is a promising root for the development of advanced spintronic devices.
A dynamic approach for triggering the angular momentum flow from the lattice was recently demonstrated 14 in a magnetic layer. It was reported that in an yttrium iron garnet (YIG) film, in which a ferromagnetic resonance (FMR) is excited, the transfer of the angular momentum from the lattice causes an enhancement of the spin current injected from YIG into an adjacent Pt layer. It was asserted that the physical mechanism responsible for this transfer is the three-magnon splitting process-the process of splitting of a magnon into two magnons of half frequency, as follows from the energy conservation law. For splitting of the FMR mode, this process is allowed below a given magnetic field (or a given FMR frequency), since for higher field there is no magnon states at frequencies equal to one-half of the FMR frequency. However, even if the process is allowed from the energy conservation law, the total angular momentum of the created magnons is usually not equal to that of the initial magnon. Therefore, to fulfill the angular momentum conservation, this process requires a mixing of the angular momentum of the lattice with that of the magnon system via the magneto-dipole interaction. It is important to note, that in contrast to SHE, the above approach takes advantage of the process in the magnetic layer and, in principle, does not require the presence of an additional nonmagnetic layer with a strong spin-orbit coupling. In fact, the Pt layer in the above studies played the role of the spin-current detector only. Since the first observation of this phenomenon in Ref. 14, the enhancement of the spin current has been confirmed in other studies. [15] [16] [17] However, the experiments in Ref. 17 were performed using a YIG film with the thickness of 200 nm, where the three-magnon splitting of the FMR is not allowed, because the magnon spectrum in such thin films does not have available magnon states at frequencies equal to one-half of the FMR frequency at any applied field. Thus, the connection between the angular momentum flow and the three-magnon splitting was questioned in Ref. 17 .
In this letter, we report an experimental study of the enhancement of the spin current in YIG/Pt bilayers with different thicknesses of YIG films. We show that the frequencies, at which the enhancement starts, exhibit a clear dependence on the YIG film thickness. Moreover, the enhancement completely vanishes for films with the thickness below a certain value. These findings are in perfect agreement with the theoretical description of the phenomenon based on the three-magnon process. The presented results provide clear evidence that the three-magnon splitting is the actual mechanism responsible for the enhancement of spin current in YIG/Pt systems. The schematic of the experiment is shown in Fig. 1(a) . The studied samples are single crystalline YIG films grown by liquid phase epitaxy with a Pt film deposited on top of the YIG by the magnetron sputtering. The thicknesses of the studied YIG films were d ¼ 0.8, 3.1, 5.1, and 6 lm and that of the Pt layer was 15 nm. The lateral sizes of the samples were 1.5 by 6 mm. As in the previous studies, 14 in our experiments, we used stripline FMR technique, since it allows measurements in the wide frequency range. The samples were attached to the standard 50 Ohm microwave microstrip transmission line with the width of 0.5 mm with the long sample side perpendicular to the line. A microwave signal with the carrier frequency f in the range between 2 and 5 GHz was applied to the input of the transmission line. The microwave power absorbed by the sample P abs was monitored by detecting the transmitted power at the output of the line and that reflected from the input of the test device by using calibrated semiconductor microwave detectors. The device was placed into a static magnetic field H 0 , applied parallel to the transmission line to achieve maximum efficiency of the FMR excitation, which requires the dynamic magnetic field produced by the microwave current to be perpendicular to H 0 .
By keeping the frequency of the excitation signal constant and varying the static magnetic field, we recorded curves of the microwave absorption, as shown in Fig. 1(b) for the case f ¼ 4 GHz. The obtained curves exhibit a maximum DP abs at a particular H 0 corresponding to the quasiuniform FMR in the YIG sample. This field was found to vary with the variation of the excitation frequency f in perfect agreement with the Kittel formula. 18 Along with the fundamental FMR mode, higher-order standing spin-wave modes are excited in the film and contribute to the absorption curve, 19 leading to its broadening and asymmetry. As described in detail in Ref. 14, the excitation of the dynamic magnetization in the YIG film results in the flow of the spin current across the YIG/Pt interface, which can be detected by using the inverse spin Hall effect (ISHE) 20 leading to a voltage V ISHE across the Pt film proportional to the strength of the spin current. V ISHE was measured by means of two electrodes attached at the edges of the Pt film, as shown in Fig. 1(a) . To increase the sensitivity of the measurements, the lock-in technique utilizing the modulation of the excitation microwave power at the frequency of 5 kHz was used. Typical dependence of V ISHE on the static magnetic field is shown in Fig. 1(c) . As expected, V ISHE also exhibits a maximum DV ISHE at the FMR field. Similarly to the microwave absorption curve [ Fig. 1(b) ], the V ISHE curve is also asymmetric due to the influence of higher-order standing spin-wave modes, although, it shows a slightly different shape because of the variation of the efficiency of the spincurrent generation from one mode to the other. Figure 2(a) illustrates the frequency dependence of the maximal absorbed power DP abs and the corresponding ISHE voltage DV ISHE characterizing the FMR mode of the film with d ¼ 5.1 lm. In agreement with the results of Ref. 14, the generated spin current exhibits an abrupt increase below a given cut-off frequency f c and, correspondingly, static magnetic field, which was associated with the onset of the threemagnon splitting process triggering an additional flow of the angular momentum from the lattice of the ferromagnetic film into the magnon system. Simultaneously, the absorbed microwave power decreases below f c . The amount of the absorbed microwave power DP abs is proportional to the amplitude of the dynamic magnetization squared m 2 : DP abs / v 00 h 2 , where h is the dynamic magnetic field and v
00
is the imaginary part of the magnetic susceptibility (m ¼ v $ h). 21 On the other hand, the ISHE voltage DV ISHE generated by the precession is also proportional to m 2 (see Ref. 22 for detail). Thus, both DP abs and DV ISHE are proportional to the intensity of the magnetization precession. Therefore, for a given dynamic magnetic mode, for example, quasi-uniform FMR mode, the ratio j ¼ DV ISHE /DP abs would be independent of the excitation frequency, provided the resonant dynamic susceptibility does not significantly change in the used frequency interval. 21 Correspondingly, variation of j can be used to characterize the efficiency of the spincurrent generation by a particular magnetic mode. To study the effect of the magnetic film thickness d on the spin current generation, we obtained the frequency dependences of the spin-current conversion efficiency for the quasi-uniform FMR mode j for different YIG thickness samples. Figure 2(b) shows the frequency dependences of j for samples with d ¼ 0.8, 3.1, 5.1, and 6 lm, respectively, normalized to its mean value at f > 4 GHz All the dependences except for that for the sample with d ¼ 0.8 lm exhibit a clear abrupt increase below the cut-off frequency f c marked in Fig. 2(b) by vertical dashed lines. It is clearly seen from the experimental data that f c varies with the YIG thickness, i.e., for films with smaller d the enhancement starts at lower frequencies.
Provided the enhancement of the spin current generation is associated with the onset of the three-magnon splitting, the variation of f c should be correlated with the variation of the frequency, at which the three-magnon splitting becomes allowed by the energy and momentum conservation laws. 
and the zero wavenumber corresponds to the uniform FMR mode. The three-magnon splitting of the magnon of the quasi-uniform FMR mode represents a creation of two magnons with the frequencies f 0 /2. Correspondingly, this process is only allowed, if there are available spectral states at this frequency. As seen from Fig. 3(a) , this is the case for films with d ¼ 3.1 and 6 lm, whereas for the film with d ¼ 0.8 lm the lowest frequency in the spectrum f min lies above f 0 /2. When the static magnetic field H 0 is varied, the spin-wave spectrum is shifted in the frequency space and the relation between the frequencies f 0 /2 and f min changes too. To characterize this change, we plot in Fig. 3(b) the field dependences of the frequency f 0 /2 and those of the frequency f min for films with d ¼ 0.8, 3.1, and 6 lm. From the data of Fig. 3(b) , it is clearly seen that for the film with d ¼ 0.8 lm, f 0 /2 < f min at any H 0 , i.e., the three-magnon splitting is completely prohibited in such thin films. In contrast, for films with d ¼ 3.1 and 6 lm, the condition f 0 /2 > f min necessary for the three-magnon splitting process is satisfied at H 0 smaller than a certain value H 0 < H 3m . It is also seen that, with the increase in the film thickness, the crossing point is shifted to larger H 0 , corresponding to larger cut-off frequencies, in agreement with the experimental data of Fig. 2(b) . Figure 4 shows a quantitative comparison of the experimentally determined cut-off frequencies f c , at which the enhancement of the spin current starts (filled symbols), with the calculated frequencies f 3m , at which the three-magnon splitting becomes allowed (solid line), for films with different thicknesses. From these data, it is seen that these two frequencies show a very good coincidence, which unambiguously proves that the enhancement of the spin current is associated with the three-magnon splitting.
Additionally, inset in Fig. 4 shows the data characterizing the absolute value of the enhancement of the spin current for different thicknesses of the YIG film. The plotted value is the ratio of the conversion efficiency j at the onset of the three-magnon splitting region (directly below the cut-off frequency f c ) and the efficiency at frequency 4 GHz, at which the three-magnon splitting is prohibited for all studied films. These data show that the variation of the film thickness also leads to a noticeable variation in the enhancement; with increasing d, the enhancement becomes stronger. This fact clearly shows that the observed enhancement is not connected with modification of the efficiency of the spin-current injection at the YIG/Pt interface, which is solely interfacial process and should be more pronounced for thinner films. Most likely, the observed behaviour of the enhancement strength is associated with the specific features of the absorption of the angular momentum from the lattice in the process of creation of magnons at the frequency f 0 /2. In fact, the amount of the absorbed angular momentum is equal to the difference of the angular momentum corresponding to the primary magnon of quasiuniform FMR and that corresponding to the pair of secondary magnons. The latter, in its turn, depends on the contribution of the magneto-dipole interaction to the energy of the secondary magnons: This interaction dominates for magnons with small wavenumber, while at large wavenumbers the exchange interaction plays the dominant role. As seen from Fig. 3(a) , with increasing film thickness, the position of the spectral minimum shifts to smaller wavenumbers. Therefore, for thicker films, the effect of the spin-current enhancement due to the momentum flow from the lattice into the magnon system should be more efficient.
In conclusion, the results of the systematic study of the low-frequency enhancement of the spin current in YIG/Pt bilayers provide clear evidence that this enhancement is associated with the onset of three-magnon splitting processes. The obtained results bring us closer to the full understanding of the angular momentum flow in magnetic systems and provide the base for the utilization of the angular momentum control in spintronic devices.
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